Abstract A systemic and validated model was developed to predict ultraviolet spectra features from the shock layer of near-space hypersonic vehicles in the ''solar blind" band region. Computational procedures were performed with 7-species thermal non-equilibrium fluid mechanics, finite rate chemistry, and radiation calculations. The thermal non-equilibrium flow field was calculated with a two-temperature model by the finite volume technique and verified against the bow-shock ultra-violet (BSUV) flight experiments. The absorption coefficient of the mixture gases was evaluated with a line-by-line method and validated through laboratory shock tube measurements. Using the line of sight (LOS) method, radiation was calculated from three BSUV flights at altitudes of 38, 53.5 and 71 km. The investigation focused on the level and structure of ultraviolet spectra radiated from a NO band system in wavelengths of 200-400 nm. Results predicted by the current model show qualitative spatial agreement with the measured data. At a velocity of 3.5 km/s (about Mach 11), the peak absolute intensity at an altitude of 38 km is two orders of magnitude higher than that at 53.5 km. Under the same flight conditions, the spectra structures have quite a similar distribution at different viewing angles. The present computational model performs well in the prediction of the ultraviolet spectra emitted from the shock layer and will contribute to the investigation and analysis of radiative features of hypersonic vehicles in near space.
Introduction
In recent years, near-space aircraft have aroused great interest because of their high success rates for penetration, hence the development of many hypersonic vehicle programs, such as United States' ''HTV-2" and ''X-37B", Russia's ''Clipper", Japan's ''Hope", and England's ''HOTOL". When these aircraft glide through the Earth's atmosphere at incredibly fast speeds, the high-temperature shock layer around the vehicle surface will produce intense emissions accompanied with complex physical and chemical processes such as dissociation, ionization, recombination and chemiluminescence. It is understood that within the features of emission spectra from the shock layer, great attention should be paid to photo-electric offensive and defensive strategies. In practice, the detection of theater targets utilizes the mid-wave infrared (IR) spectral region (3-5 lm as a baseline and distinctive ultraviolet (UV) or visible spectral regions as a second detection band). 1 Note that, in the so-called ''solar blind" band covering 200-300 nm, the dark sky background allows one to detect a vehicle as a signature source against a very low background with a striking contrast. 2 In this typical band region, ultraviolet emissions from the shock layer have great potential for the early warning systems (EWS), target intercept guidance techniques to monitor, identify and track unfriendly aircraft, and also for suppression of radiative noise through the optical window. 3, 4 In support of these concepts, two bow-shock flight experiments were conducted at relatively low velocities (about 3.5 km/s) 5 and high velocities (about 5.1 km/s) 6 at different altitudes by the Innovative Science and Technology Office in 1990s, and a series of the spectra signal data were obtained. These are helpful to understand the mechanisms of the shock-layer ultraviolet emission and to calibrate computational models. [7] [8] [9] [10] [11] [12] In a two-color detection strategy, the ultraviolet signature may offer many advantages over long wavelength systems in reducing false alarm rates, and as a supplementary technique for near-space hypersonic aircraft use in offensive and defensive confrontations; hence, it is of great significance to investigate the ultraviolet emission features in the shock layer by a highfidelity numerical approach.
The purpose of this work is to develop an efficient model for prediction of shock-layer ultraviolet spectral radiation characteristics during hypersonic vehicle glide in the Earth's atmosphere. In fluid computations, a two-temperature model will be employed in the treatment of the non-equilibrium flow field of the shock layer, and a 7-species scheme is also considered, which consists of a mixture of ions, electrons, atoms and molecules at high temperature (O 2 , N 2 , O, N, NO, NO + and e À ). Navier-Stokes equations incorporating finite rate chemical kinetics are solved with the finite volume technique. For comparison with previous literature, cases at three altitudes will be investigated: 38, 53.5 and 71 km. In radiation models, in particular NO gamma and delta band systems, the radiative transition mechanisms of gas molecules are taken into account to predict spectra within wavelengths of 200-400 nm. In addition, the non-equilibrium population of the electronic state of species is characterized by a three-temperature model, and the absorption coefficient of mixture gases is evaluated with a line-by-line method. Considering the BSUV flights as the focus of this research, the radiative transfer equation (RTE) is integrated with the line of sight (LOS) method. We will compare the computational results of each module with a wide set of experimental data, and analyze the structure and level of the ultraviolet spectra emitted from the bow-shock layer in different flight cases.
Available experimental data
Two BSUV flight experiments 5, 6 were developed by the Innovative Science and Technology Office of the Strategic Initiative Organization in the 1990s in order to validate certain issues with hypersonic vehicles at low and high altitudes. These included the spectral distribution and intensity of ultraviolet radiation emitted from the bow-shock layer around the nose cone, the plume exhausted from rocket motors, vehicle aerodynamics, and gas radiative noise in the optics window. In the BSUV experiments, instruments in the payload, with a half cone angle of 15°and a 0.1016 m-radius dome, consisted of a scan spectrometer, eight optic photometers, an electro density microprobe, and two vacuum ultraviolet (VUV) photometers. The forward structure of the vehicle can be seen in Fig. 1 , and the arrangement of detectors in the payload shown in Fig. 2 . The spectrometer is used to measure the emission intensity as a function of the wavelengths within 200-400 nm. Photometers, as a redundancy and supplement to the spectrometer, are arranged with viewing angles of 0°, 30°a nd 50°from the vehicle centerline and used to individually detect spectra variations with the precession during flights. Each photometer is employed to identify spectral features of one particular molecule near the center wavelength k 0 , such as NO (k 0 ¼ 215 nm and 230 nm), OH radical (k 0 ¼ 310 nm) and N 2 + (k 0 ¼ 391 nm). A series of spectral profiles of ultraviolet emissions created in the bow-shock layer, covering 38-70 km at 3.5 km/s and 100-65 km at 5.1 km/s, are available to validate computational models of radiation.
Numerical models
Broadly speaking, there are four parts to predicting the ultraviolet radiation emitted from high-temperature shock layers around a vehicle 13 : (1) flow field; (2) population of the exited electronic states; (3) spectra parameters; and (4) radiative transfer calculation. These can be obtained through three methods: multi-species thermo-chemical non-equilibrium fluid mechanics, multi-temperature non-equilibrium radiation modules, and radiative transfer calculation procedures. 
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Governing equations of flow field
Assuming that the flow is based on a continuum approximation, we use a blunted cone as an object to investigate the chemical and thermodynamic non-equilibrium hypersonic flow. Axisymmetric Navier-Stokes equations for a nonequilibrium mixture of chemically reacting gases coupled with conservation equations for electronic states of molecules are expressed as:
where Q is the conservative variable vector, E C , F C and H C are vectors of the convective fluxes, E D , F D and H D represent vectors of the viscous fluxes, and S is the source term. The internal energy, though related to all molecular species, can be represented by one internal temperature equal to vibrationalelectronic temperature. That is to say, the internal energy source term is based solely on the vibrational internal energy. Hence, each vector in Eq. (1) is given in the following matrix: 
where
and Y i is the mixture mass fraction of the ith species, D i the diffusion coefficient, q the mixture density, p the pressure, T the translational temperature, T vib the inner/vibrational temperature, j the thermal conductivity of the gas, and N s is the number of different species. For calorically perfect gases, the translational temperature falls into the scope of the Sutherland law determined from the equation and used to calculate the viscosity. Given a Newtonian fluid and the Stokes' hypothesis, shear stress terms can be given as follows:
where u and v are components of velocity vector V in Cartesian coordinates (x, r), and l the viscous coefficient of the nonequilibrium mixture. Similarly, q r , q int,r and s rr are obtained. For thermal non-equilibrium with mixing and reacting 7-species gas including N 2 , O 2 , N, O, NO, NO + and e À , the total energy per volume is expressed as:
where e vib,k is the vibrational energy of the kth molecular component per unit mass, and h f,i is the reference heat of formation. Without considering the electronic energy of the molecule, translational-rotational and vibrational heat capacities for species i are expressed respectively as:
where the molecular degrees of freedom n for each species have fixed values 0, for O, e À and N, and 2 for others. R u is the universal gas constant.
Internal energy per unit of mass can be a function of characteristic parameters of species i with characteristic vibrational temperature h vsm and the number of degeneracy states in the maximum value of N d , as follows:
Mixture transport properties, such as dynamic viscosity and thermal conductivity, can be calculated with Wilke's semi-empirical method according to species viscosities, as determined by Bird's formula 14 , and Eucken's assumption 15 for the species conductivities.
where r is the characteristic molecular diameter and X l is the viscosity collision integral. Dalton's law was utilized to determine the mixture pressure of gases, which is given as:
where R is the gas constant and M i is the molar weight of the ith species. As the form of pressure, the connections of variables between mixture and individual species are given as:
The sensible enthalpy per unit of mass for species i is defined as:
where c p,i is the heat capacity at constant pressure, e vib,i and e ele,i are vibrational energy and electronic energy per unit mass for species i, respectively. The internal or vibrational energy source term with the vibrational relaxation time 16 has the form
The average relaxation time given by the Milikan-White vibrational relaxation theory 17 can be expressed as:
where the reduced molecular weight is
To calculate the species production rates _ x i in the governing equations, the finite-rate ratio model is utilized. In general, N r chemical reactions involving 7 species can be represented as:
where V ij denotes stoichiometric coefficient for reactant and product i in reaction j, superscript f and b denote forward and backward. The mass rate of formation of ith species _ x i is given as:
where X i is the mole fraction of the species i, and k ij is the third body coefficient. The rate constants of the forward reaction k f j are determined by the Arrhenius relationship which also were used in Ref. 7 , and the backward rate k b j can be derived from the corresponding equilibrium constant.
where A represents the frequency factor and E a is activation energy. In this work, the chemical reaction set consists of 48 reactions that involve 7 species. These reactions also can be found in Ref. 18 .
Radiation model 3.2.1. Mechanism of radiative transition for gas molecules
For near-space hypersonic vehicles, there are a number of species produced in the high-temperature shock layer, which consists of a mixture of ions, electrons, atoms and molecules. Therefore, complex mechanisms of radiation generated by the electronic states of atoms and molecules exist that can be considered in spectroscopic calculations with a line-by-line method. These component radiating systems have atomic bound-bound or bound-free (N and O) transitions, and molecular bands (NO, O 2 and N 2 ). In existing literature, the main mechanisms of ultraviolet radiation for high-temperature gas in the shock layer are listed in Table 1 . In molecular spectroscopy, A, B, C and D represent excited states, and X is the ground state. Their numeric pre-superscript indicates the molecular multiplicity. The symbol R and P are electronic states in axial components of K = 0 and K = 1, respectively. The superscripts + and À of R denote signs of the electronic eigenfunction through a symmetrical plane. The subscripts u and g are even and odd states, and r is the regular multiple state.
Absorption coefficient of electronic excitation
The emission coefficient and the absorption coefficient can characterize physical properties of radiation in hightemperature air, and reflect the ability of the species to absorb and emit photons. They individually depend on pressure, temperature and species of the mixture gas. Based on molecular radiative theory, each transition contributes a discrete line for either vibrational and rotational transitions within molecules or electronic transitions and combinations. Therefore, the line absorption coefficient 21 is expressed as:
N 0 e;t;J jR e ðr t 0 ;t 00 Þj 2 qðt 0 ; t 00 ÞS
where the single and the double prime represent the upper energy level and the lower energy level respectively. jR e ðr t 0 ;t 00 Þj denotes the matrix element of electronic transition moments, qðt 0 ; t 00 Þ is the Franck-Condon factor, S J 0 K 0 J 00 K 00 is the Honl-London factor with rotational degeneracy in the high energy state, N 0 e;t;J is the number density of the molecule in a lower energy level, g 0 is the center frequency-wave number, and F(g) is a function of the spectral line shape.
For an atom or a molecule, radiation characteristics are only determined by its inherent structure and do not depend on the external temperature. However, for a mixture, the absorption coefficient is associated with the temperature, which influences the population of energy levels. Therefore, computations of the spectral absorption coefficient can be divided into two steps: the radiation calculation for jR e ðr t 0 ;t 00 Þj 2 , qðt 0 ; t 00 Þ, S J 0 2K 0 J 00 2K 00 , g 0 and F(g), and the calculation of number density N 0 e;t;J . The latter is employed to evaluate the number density in lower levels under the thermodynamic state. Schumann-Runge
If thermal non-equilibrium is to be considered, a threetemperature model, as a function of electronic temperature T E , vibrational temperature T V and rotational-transitional temperature T R , is used to characterize the energy level population and to describe the process of formation and annihilation for excited-state molecules. Thus, three level states of electronic, vibrational and rotational are populated by corresponding Boltzmann distributions as follows 22 :
Based on the prediction of the number density of different levels, the absorption coefficient of the mixture gas species can be obtained by:
where the total coefficient j g is the sum of that for each species j g,i in each transition mechanism.
Radiative transfer calculation of ultraviolet
The UV signature calculation requires solving the RTE by taking into account various emission bands in the source function and particle scattering. Fig. 3 shows the sketch of a radiative transfer model where dotted lines denote flow grids. According to the theory of radiative transfer, the monochromatic RTE 2 describes the variation of the radiance field in a specified direction X through a small differential volume and can be given as:
where I k ðsÞ and I bk ðsÞ are spectral radiant intensity and black body spectrum intensity in X direction respectively. j ak and j sk are the absorption coefficient and the scattering coefficient of the gas medium with particles. It is noted that the black body spectrum intensity under non-equilibrium conditions should be corrected as given in Refs. 21, 22 , whose values rely on the population of transitions among the upper and lower levels of state. I k ðs; X 0 Þ is the spectral scattering intensity in X 0 direction, and U k ðX 0 ; XÞ is the scattering phase function. For hypersonic flight, neglecting erosion products from the thermal-protective coating, all mixture species will remain in gas phase and particle scattering never occurs in the shock layer. In this case, the radiative transfer equation, introducing optical thickness as s k ¼ j k L, can be reduced to the following form:
where j k is the spectral absorption coefficient, and L represents the path length.
Numerical methods
Navier-Stokes equations were solved with a cell-centered finite volume approach, and an implicit scheme was employed to greatly reduce computing time. Based on a structured grid, the approximate equation applicable for a cell can be written as:
where P = n x (E C + E D ) + n r (F C + F D ), A 1 , A 2 , A 3 and A 4 are areas of elemental sides, and n x and n r are axial and radial components of a vector n. The conservative term is placed on the right side of the equation, and on the left side are convective fluxes, source term, and viscous/diffusive fluxes. In order to improve accuracy in the shock layer, the treatment of convective fluxes used the flux difference scheme, which is equivalent to the Roe approximate Riemann solver based on a second order upwind scheme. 23 The viscous fluxes, as a function of the gradient and conservative variables velocity and temperature, were discretized using second-order central differencing. The method is described in greater detail in Ref. 24 . A min-mod limiter borrowed from Ref. 25 was implemented to control the discontinuous pressure jumps at the shock front. The Runge-Kutta method is utilized here for time stepping. The physical time step is set to 2 Â 10 À5 s, and each time step has 20 iterations.
The species, temperature and pressure parameters were obtained by the flow field module. The multi-component gas absorption coefficients combined with the multi-temperature model were obtained through line-by-line method. 26 Spectra with a 5 cm À1 resolution were calculated at each grid point along a LOS normal to the body in the forward-viewing window region. A line passing through the shock-layer flow field was calculated in a straightforward manner with a layer-bylayer summation. LOS, when placing a known travel route in the flow, will terminate until the line encounters wall boundaries or departs from the flow field, which is equal to there being no interaction with the lines parallel to the observed direction. This method has been employed in previous work. 27 Assuming each layered medium is isotropic and isothermal, as shown in Fig. 3 , the radiative intensity along the LOS can be derived as:
where the superscript i denotes the ith layer, I i k and I i bk are directional spectral intensity and black body intensity respectively, and s i k is the transmissivity. Thus, the radiative intensity of a line through the flow covering the wavelengths from k 1 to k 2 in any direction can be given as:
In Fig. 3, I 0 k is spectral intensity at the start point of LOS. L i denotes the path length in the ith layer.
Results and discussion

Computational approach
To predict the flow field of BSUV, a fine, non-uniform, axisymmetric, orthogonal, instructed grid of 169 Â 158 cells is used with a high resolution near solid boundaries. Fig. 4 shows a schematic of the computational domain. A uniform temperature-pressure condition is applied to outer boundaries of the computational domain (a-d). A no-slip, no penetration wall boundary condition (b-c) is imposed on the wall of the dome. An axis symmetric condition (a-b) is employed at the central line of the vehicle. The exit (c-d) has implemented no conditions and is designated as a supersonic outflow boundary.
As mentioned above, the equations solved here are the steady, axisymmetric Reynolds-averaged compressible Navier-Stokes equations with the Menter's shear stress transport (SST) turbulence model, and a binary diffusion model used for closure. Based on the Courant-Friedrichs-Lewy (CFL) number, a local time step is computed with a typical value being 0.1 to improve convergence. Furthermore, the residuals, reduced by at least a factor of 10 À6 from the starting value, are a necessary condition to properly converge to steady states for all cases.
In this paper, three cases at the 38, 53.5 and 71 km altitudes listed in Table 2 are used to validate and analyze present models. Mass fractions of oxygen and nitrogen in ambient atmosphere are 0.23396 and 0.76604 respectively. A mesh sensitivity analysis was carried out in order to estimate the numerical accuracy of the flow field calculation. A comparison of the calculated parameters between a finer 300 Â 300 grid and a basic 169 Â 158 grid is shown in Fig. 5 . As can be seen, temperature and species mass fractions along the stagnation streamline for two cases are identical. Taking Case 1 as an example, the changes in vibrational temperature, translational temperature, O and NO species are less than 0.1%. Therefore, the basic grid is considered adequate.
Verification of flow field
High temperature gas heated by the intense ambient atmosphere surrounding hypersonic vehicles displays characteristics of real air. This means that the medium may encompass ionization, radiation, relaxation and non-equilibrium processes. Thus compositional and thermodynamic properties should be a concern in numerical computation. A flight corridor illustration given by Sarma 28 describes flow regimes and thermochemical phenomena in the stagnation region. According to the flight trajectory of the BSUV experiment, a 7-species reaction scheme is applied for all cases. In Park's multitemperature theory for aerothermodynamics, 29 the thermal non-equilibrium has an influence on the concentration of species and chemical reaction rates resulting from the difference between translational and vibrational temperatures. Fig. 6 illustrates four contours of the translational temperature, the vibrational temperature, and mass fraction of oxygen and nitrogen atoms for Case 2 (left) and Case 3 (right). This figure demonstrates that the non-equilibrium phenomena become more obvious as the Mach number and altitude increase. This is due to the intensified vibration and ionization that accompanies a rise of temperature around the bow shock. Some differences between contours of Case 2 and Case 3 are also plotted in Fig. 7 (T T means translational temperature). These include higher translational temperatures and longer detached distances for the bow shock, higher vibrational temperature surrounding the forward nose in Case 3, though distribution is similar, and heavier concentration of dissociated species and extensive range. To gain confidence with the numerical model used to predict emissions from the shock layer, a validation test is performed on a BSUV blunted cone, and comparison of characteristic parameters is made with the non-equilibrium DSMC method and the multi-temperature CFD model developed by Levin et al. 8 Profiles of the vibrational temperature along the stagnation streamline for Case 3 are given in Fig. 8 in which both curves are consistent overall. Fig. 9 illustrates number density curves of NO molecules along the stagnation streamline in Case 1 and Case 3. Agreement can be seen between the present model and the CFD method reported by Levin et al. in Case 1. In Case 3, the model's results are located between those of the CFD method and the DSMC procedure. It agrees best with the DSMC in the more heavily concentration regions where higher number density plays an important role in radiation. There are discrepancies for Case 1, however, at positions far from the wall. In the range of 0.6-0.9 normalized distances, the differences can be attributed to a thinner shock layer where high temperatures of gas can be sustained over longer distances than that in Ref. 9 . Subsequently, the calculated NO stagnation streamline concentration decreases sharply to an extremely small amount and finally to zero. Therefore, it seems unreasonable that Ref. 9 example remains constant in the end by keeping the temperature of reactions close to ambient temperature. Overall, comparisons of data suggest that the present solution for shock-layer flow is acceptable.
Validation of absorption coefficient
The non-equilibrium number density can be obtained based on the three-temperature model. Subsequently, the spectra emission coefficient and the absorption coefficient for air mixture can be calculated using the line-by-line method, and validated by shock tube experiments from AVCO Everett Lab. The radiation intensity comparison with R102 30 and R156 31 experimentally measured data is given in Fig. 10 . As plotted in Fig. 10(a) and (b) , the present data agree well with the experimental data. Consequently, the present radiation calculation module is reliable for predicting the absorption coefficient of the shock layer.
Validation of ultraviolet intensity
Flow field parameters of the bow shock are treated as input data, and ultraviolet radiation can be predicted by using the radiation model mentioned above. In the current scheme, the three-temperature model is used to obtain the population of the electronic state of species, and the line-by-line technique is employed to evaluate the absorption coefficient of the high temperature multi-species air. The radiation transfer equation is solved with line-of-sight propagation. In the BSUV flight experiments, spectra from the scanning spectrometer (illustrated in Fig. 11) show the ultraviolet radiation intensity is mainly determined by nitric oxide gamma (A 2 R + ) and delta (C 2 R + ) band systems, and the radiation emitted from
Þ (center wavelength is 391 nm) is so weak as to be neglected.
9 Fig. 11 shows a comparison of predictions from the present model with experimental data for ultraviolet radiant intensity. From the plotted UV spectral profiles, there are seven distinct peaks in the ''solar blind" region of 200-270 nm, which may be unique spectra features of the bow-shock layer at low altitudes. In addition, radiation from the second excited state to the ground electronic state of the NO molecule delta band system is shown in the center wavelength of 205 nm, and the gamma band system occurs at the peaks of 215, 230 and 270 nm. The existence of nitrogen oxide characteristic spectral peaks demonstrates that the dominant radiation is Fig. 11 Comparison of the calculated radiant intensity with measured data. NO. In Fig. 11(b) , there is an emergence of the OH (X ? A) peak at 310 nm above the continuum of the nitrogen oxide band systems for experimental data. This difference near the 310 nm wavelength from Fig. 11(a) is because OH signals will be visible with the increase of altitude due to the presence of water in the atmosphere.
The calculated spectra plotted in Fig. 11 (a) have a maximum peak absolute magnitude of 4 Â 10 À2 W/(cm 2 ÁlmÁsr), which can be compared with 5 Â 10 À4 W/(cm 2 ÁlmÁsr) for the spectra shown in Fig. 11(b) . The difference in intensity of about two orders of magnitude is determined by different flight altitudes. At the same velocity, the molecule-wall collision probability declines as the atmosphere becomes thinner at higher altitudes so that the number density of the excited state molecules is reduced. Spectra profiles predicted by the present model in both Fig. 11(a) and (b) are over-predictive compared with the experimental data. At the peak of NO gamma (0, 0) (c (0, 0) in Fig. 11 ) of 230 nm and gamma (0, 1) of 240 nm, the discrepancy is maximized, up to 50% and 42% respectively. Nevertheless, error remains below 15% in the ''solar blind" region. Note that some uncertainties are unavoidable in radiation calculations for which resolutions of the flow field need to be treated as an input data. In fact, the main sources of error and uncertainty in hypersonic aerothermodynamic modeling consist of physical modeling, spatial/time discretization and ambient conditions. 32 Taking the free stream as a example, its error can be up to 5% in the 48-69 km altitude range and to 16% in 70-80 km. 33 Most importantly, the UV emission spectra of the bow-shock layer calculated by the present radiation model show good qualitative agreement with the BSUV flight experiment results in terms of the typical structure and level of intensity.
Analysis of the bow-shock ultraviolet emission
Agreement between calculations and experimental data for ultraviolet emission intensity within the wavelengths of 200-400 nm is achieved in the four parts of this study. As in the BSUV experiments about sensors, simulations are carried out for viewing ultraviolet radiation intensity from different angles. Fig. 12 profiles the comparison of spectra radiation at viewing angles of 0°, 15°, 30°and 60°for Case 1. The viewing angle is defined as the intersection angle between the centerline of the vehicle and the line of sight. The predicted solutions are observed to have quite a similar distribution, and the intensity declines as the angle increases. The intensity at a viewing angle of 0°is about one order of magnitude higher than that at 30°and about two orders of magnitude greater than that at 60°.
As shown in BSUV experiments using four photometers, the emission features of NO identified were in 215 ± 3 nm and 230 ± 25.5 nm. The photometers were used to select the spectral features of interest. Taking Case 1 as an example, Fig. 13 shows that variations in intensity of the spectrum integral relate to viewing angles from 0°to 60°in three bands: 212-218 nm, 230-280 nm and 200-260 nm. Note that the radiance in each spectral band plotted in Fig. 13 decreases with an increase of viewing angle. The intensities in the direction of stagnation streamline at a 0 viewing angle and are heavier than those at the other angles. In the above three bands, the calculated values at a viewing angle of 0°are about two orders of magnitude higher than those at an angle of 60°. In addition, the predicted results in intensity in the band of 230-280 nm are approximately equal to the 200-260 nm band, which indicates the spectrum integral value in band 200-230 nm is roughly equivalent to that in band 260-280 nm. These can depend on spectral intensity and bandwidth. The intensity in band 212-218 nm at each viewing angles is lower by an order of magnitude than the other two bands. The distributions for Case 2 and Case 3 are similar to those plotted in Fig. 13 , therefore, these profiles are not illustrated.
Fig. 14 plots three profiles illustrating radiation characteristics for all cases. The spectra intensity as a function of wavelength is calculated at a viewing angle of 0°to observe emissions toward the stagnation streamline. The intensity in Case 1, similar to Fig. 12 , is about two orders of magnitude higher than that in Case 2. There are several clear peaks in the region from 200 to about 275 nm, as also shown in Fig. 11 . For the wavelengths larger than 240 nm, the overall curves of intensity trend downward in all cases. This is especially evident in Case 3, where the ultraviolet spectra emitted from NO bands is extremely weak and displays a steep drop in the short wavelength region of 300-400 nm, which demonstrates that structure and level of spectra profiles differ greatly from those in Case 1 and Case 2. From Fig. 14(a) , comparisons of three curves show that the intensity in Case 1 is about two orders of magnitude higher than that in Case 2, and the atmosphere of the former, at an altitude of 38 km, is denser than the latter at 53.5 km. Note that the curve in Case 3 remains higher than that in Case 2 and then becomes lower from 275 nm. One of the most probable reasons for such a difference is a highertemperature region in the shock layer and a lower density ambient gas at 5.1 km/s velocity and 71.0 km altitude for Case 3. As mentioned in Section 3.2, the spectrum emitted from NO (A ? X) gamma band is mainly dominated by the two factors of temperature and NO number density. Therefore, the difference between these factors in Case 2 and Case 3 results in variations in intensity relative to position from the stagnation point.
The column charts in the bottom left corner of the illustrations (from Fig. 14(a)-(c)) give the radiant intensity in three bands. As can been seen, the values of the intensity from high to low are in bands of 200-260, 230-280, and 212-218 nm. For all cases, the total intensity in each band decreases with the increase of viewing angle. The intensity decreases by over an order of magnitude with each additional 30°in viewing angle for Case 1, as well as at a viewing angle of 60°for both Case 2 and Case 3. However, for the latter two cases, there is not much difference in intensity at viewing angles of 0°and 30°d ue to similar levels of temperature and number density of NO. Meanwhile, the intersection points of the two curves in Fig. 14(b) -(c) are located at the wavelengths of 275 nm and 305 nm respectively. Hence the total intensity of band 230-280 nm in Case 3 is higher than that in Case 2.
Conclusions
A thermo-chemical non-equilibrium radiation model was developed to predict the ultraviolet emissions in the shock layer for near-space hypersonic vehicles. In this construct, a two-temperature non-equilibrium model and a 7-species, 48-reaction chemistry scheme were employed to predict the flow field properties of the shock layer with the finite volume technique. A three-temperature line-by-line method was utilized to evaluate parameters of radiation characteristics for equilibrium and non-equilibrium air, and the RTE was integrated with the LOS method. Comparisons of the results calculated by each module with previous work show they are in adequate agreement with experimental data. Focusing on the BSUV flights as the object of this research, three cases of 38, 53.5 and 71 km altitudes were selected to be systematically compared with previous literature. The ultraviolet spectra predicted by the present computational model demonstrate an identical structure to the measured data. Moreover, the level of intensity, though over-predicted by about 50% in a few narrow regions, agrees well with measurements. The maximum discrepancy occurs at a peak of 230 nm and NO gamma (0, 1) (c(0, 1) in Fig. 11 ), but the error remains below 15% in other ''solar blind" regions. Simulations were carried out for radiation intensity with different viewing angles as well. From spectra profiles, a seven-peak structure of ultraviolet spectra exists in the ''solar blind" region of 200-270 nm, a high density region in the range of NO gamma, delta and beta band systems. The peak absolute magnitude of the intensity was up to 10 À2 in units of W/ (cm 2 ÁlmÁsr) at a velocity of 3.5 km/s and an altitude of 38 km, while they dropped to 10 À4 W/(cm 2 ÁlmÁsr) at 3.5 km/ s and 53.5 km. In the same flight case, the predicted spectra had quite a similar distribution at different viewing angles, but the intensity significantly declined as the viewing angle increased. In relatively thin atmosphere, the structure of spectra emitted from the bow shock may have great changes, and the level drops steeply as well. In summary, this computational model can be used to analyze the ultraviolet spectra features of the shock layer for near-space hypersonic vehicles and will be extended to the infrared spectral band. Within speeds of up to 5.1 km/s and altitudes less than 71.0 km, this model can be used to carry out quantitative analyses of radiative noise for hypersonic vehicles in terms of spectra, bands and viewing angles.
